Imaging is a powerful strategy for the visualization of anatomical and functional information (levels and patterns of activation, perfusion, circulation, and metabolism etc.) in human skeletal muscle. Recent innovations in scientific technology, several new techniques and methods have been developing that visualize the function of muscle regarding recruitment, perfusion, and/or metabolism in exercise. This review is focused on three novel imaging techniques; magnetic resonance imaging, positron emission tomography, and near infrared spectroscopic imaging. These noninvasive imaging techniques provide us crucial information about human muscle function in exercise. The information includes following the assignments; 1) training effects on muscle function, 2) differences in muscle function and metabolism between trained and untrained individuals, and 3) heterogeneity of activation perfusion and metabolism within a single muscle or muscle group. Recent research studies applying these imaging techniques to human muscles are discussed in detail in this review.
Introduction
H u m a n m o v e m e n t i s m a d e p o s s i b l e b y contractions of muscle fibers that are connected to tendinous tissues (i.e. external tendon and aponeuroses) to form muscle-tendon complex (MTC). Hundreds of studies have attemped to clarify the functional properties of skeletal muscle and/or the MTC present in males or females, athletes or non-athletes, and healthy or diseased individuals in movement under various conditions. Almost of all such studies investigated skeletal muscle. Relatively little has been reported on the tendon and aponeurosis because no well-established methods for investigating tendinous tissue for humans in exercise physiology and biomechanics research areas had been developed until several years ago (Fukunaga, et al., 2002) . This review, therefore, focuses on the function and metabolism of the skeletal muscle, and a discussion of how these imaging techniques have been used and what kind of physiological parameters can be obtained in exercise physiology and biomechanics.
Assessment of function or metabolism of skeletal muscle during exercise has conventionally been done using muscle force measurement, electromyography (motor unit activation), and muscle needle biopsy technique (glycogen depletion, aerobic or anaerobic enzyme activities) etc. Recently, due to technological innovations, exercise and sport sciences have been able to visualize muscle function and metabolism. The advantage of this type of approach is that it leads to easier understanding of muscle function for a wide range of individuals, including scientists and non-scientists alike. Several noninvasive imaging techniques, so far, are developing that show the functional and metabolic properties of skeletal muscle in humans. These imaging techniques can be applied to resting and exercising muscle. The general goals of this review are clarify the functional and metabolic characteristics of resting and exercised human skeletal muscle using three imaging techniques: 1) magnetic resonance imaging, 2) positron emission tomography, 3) near infrared spectroscopic imaging, and to discuss the results from previous studies from a physiological, biomechanical and biochemical point of view. 
Functional Imaging of Human Skeletal Muscle

Magnetic resonance imaging
Magnetic resonance imaging (MRI) is a powerful technique for acquiring the anatomical and functional properties of resting and exercised human skeletal muscle in vivo. Exercise-induced increases in transverse relaxation time (T2) in MR imaging, i.e. T2-weighted imaging, of muscle have been extensively studied for over four decades. This phenomenon was originally described in 1965, when Bratton and co-workers (1965) reported an increase in the T2 of isolated frog skeletal muscle after isometric contractions with electrical stimulation. Subsequently, Fleckenstein, et al. (1988) reported the first similar phenomenon in living human subjects. Recently, this type of T2-weighted image has been referred to as "muscle functional MRI (mfMRI)" (Figure 1 ) and studies using this technique are increasing in exercise physiology, muscle physiology, rehabilitation medicine and/or related research areas.
The underlying biophysical cause of the T2 increase in exercised muscle, unfortunately, is not fully understood. It is thought that exercise-induced T2 increases are driven primarily by water shifts resulting from transient changes in tissue osmolarity and perfusion (Lundvall, et al., 1972 , Polak, et al., 1988 consequent to metabolic activity, though perfusion is not required for T2 increases (Fleckenstein, et al., 1988) . This suggests that accumulation of tissue osmolytes, particularly intracellular lactate, may be an important factor effecting T2 increases (Cheng, et al., 1995 , Weidman ,et al., 1991 . It is likely that exercise induced decreases in intracellular pH also play a key role in muscle T2 (Cheng, et al., 1995 , Vandenborne, et al., 2000 , Weidman, et al., 1991 . In the next section, the relationship between exercise-induced T2 change and some parameters that were measured is reviewed the other physiological and biochemical techniques.
Relationship between mfMRI and muscle function or metabolism
The physiological mechanisms of mfMRI, as stated above, have not been well clarified in previous studies; however, it has been reported that mfMRI signal changes are closely related to certain physiological parameters (force, number of repetitions, and work, etc.), which have commonly been used in exercise physiology. It has been reported by some authors that there is a linear relationship between exercise-induced T2 change, i.e. mfMRI signal change, and the number of repetitions during task (r ≥ 0.98) (Prior, et al., 1999 , Yue, et al., 1994 , work (r = 0.98) (Yue, et al., 1994) , intensity of exercise (r = 0.7 to 0.8) (Adams, et al., 1992 , Adams, Figure 1 Muscle functional magnetic resonance imaging (T2-weighted image) of the right thigh before (A) and after 10 sets of 10 repetitions of isokinetic knee extension exercise at 120˚/sec (B). RF: rectus femoris, VL: vastus lateralis, VI: vastus medialis, VM: vastus medialis. Note that the quadriceps femoris is brightened in (B). Data from the study of Akima et al. (1999) International , 1993 , Akima, et al., 2005b , Conley, et al., 1995 , Conley, et al., 1997 , Kinugasa & Akima 2005 , Ploutz, et al., 1994 , Ploutz-Snyder, et al., 1995 (Figure  2) , or generated force of the activating muscles (r = 0.87 to 0.91) (Adams, et al., 1993 , Fisher, et al., 1990 . These studies suggest that changes in mfMRI signal are closely related to muscle physiological characteristics (i.e. force level and work).
The other physiological parameter that correlates with mfMRI is motor unit activation. There are two studies regarding the relationship between motor unit activation by electromyography and mfMRI signal change at various levels of exercise intensities (Adams, et al., 1992 , Kinugasa & Akima 2005 . These studies demonstrated that motor unit activation (integrated EMG activity) is linearly correlated with T2 change in mfMRI (Adams, et al., 1992 , Kinugasa & Akima 2005 irrespective of muscle type (muscle fiber type, mono-or multi-joint muscles, upper or lower limb muscles) (Figure 3) . These two studies suggest that the mfMRI signal increases as a function of the increase of motor units activation in working muscles. mfMRI signal change is also related to the metabolic state in skeletal muscles. Vandenborne, et al. (2000) and Weidman, et al. (1991) showed that exercise-induced T2 increases were highly correlated with intracellular pH (r = -0.71 and -0.88) or the ratio of phosphocreatine and inorganic phosphate (r = 0.82 and 0.89), which reflected the rate of ATP reproduction, during plantar flexion exercise. Cheng, et al. (1995) demonstrated that there is a high correlation coefficient between exercising T2 change and intracellular pH in forearm muscles (r = 0.74). Thus, exercise-induced metabolic state is related to mfMRI signal change, suggesting that metabolic demand influences mfMRI signal change after exercise.
From this evidence, although the physiological mechanisms of mfMRI are not well established, this technique is a useful tool for acquiring neuromuscular activation as well as the metabolic state of human skeletal muscle in vivo. Unfortunately, it is impossible to separate the contribution of neural and metabolic factors that influence signal change in mfMRI.
. . M u s c l e f u n c t i o n d u r i n g v o l u n t a r y contraction by mfMRI
The advantage of mfMRI is that muscle function, such as recruitment and activation patterns can be evaluated through any type of exercise using this technique. Scientists involved in exercise physiology, biomechanics, are rehabilitation medicine have used various types of exercise testing to measure muscle function, such as knee extension (Akima, et al., 2002 , Akima, et al., 2005a , Figure 2 Relationship between transverse time (T2) and the intensity of exercise during concentric and eccentric elbow flexion exercise. There was a high correlation coefficients between T2 and relative resistance of exercise both concentric and eccentric voluntary contraction (r = 0.99). Marrow indicated T2 of the bone barrow of the humerus and no T2 changes was found. Data from the study of Adams et al. (1992) .
Figure 3
Relationship between transverse relaxation time (T2) and integrated electromyographic (iEMG) activity of the biceps brachii muscle during concentric and eccentric elbow flexion exercise. There were high correlation coefficients between T2 and iEMG activity of the biceps brachii both concentric and eccentric voluntary contraction (r = 0.99). Data from the study of Adams et al. (1992) . Akima, et al., 2000b , Akima, et al., 1999 , Hayashi, et al., 1998 , Ploutz, et al., 1994 , Ray & Dudley 1998 , Richardson, et al., 1998 , Weidman, et al., 1991 , elbow flexion (Adams, et al., 1992 , Kulig, et al., 2001 , Meyer & Prior 2000 , Shellock, et al., 1991 , Yue, et al., 1994 , neck extension and flexion (Conley, et al., 1995 , Conley, et al., 1997 , ankle extension and flexion (Akima, et al., 2000a , Akima, et al., 2003 , Fisher, et al., 1990 , Jenner, et al., 1994 , Kennan, et al., 1995 , Kinugasa & Akima 2005 , Price, et al., 2003 , Price, et al., 1998 , Segal & Song 2005 , Vandenborne, et al., 2000 , Yanagisawa, et al., 2003 , running (Sloniger, et al., 1997) , and pedaling (Akima, et al., 2005b , Fleckenstein, et al., 1991 , Hug, et al., 2004 , Kinugasa, et al., 2004 , Reid, et al., 2001 , Richardson, et al., 1998 , Saunders, et al., 2000 .
It has been shown that recruitment of the working muscles is dependent on type of contraction and velocity using mfMRI findings. During repetitive isokinetic knee extension exercise, the rectus femoris muscle is more activated than the other three muscles (Akima, et al., 2000b , Akima, et al., 1999 , Hayashi, et al., 1998 , Richardson, et al., 1998 ; however, during isotonic knee extension exercise such an activation pattern was not found in the quadriceps femoris muscles (Akima, et al., 2002 , Ploutz, et al., 1994 , Ploutz-Snyder, et al., 1995 . Velocity of muscle contraction affects mfMRI signals in the elbow flexor muscles. Kuling, et al. (2001) examined the effect of eccentric contraction velocity on activation of the elbow flexor muscles using mfMRI, finding, the biceps brachii to be more activated in fast contraction task (2 sec) and the brachialis to be more activated in slow contraction task (10 sec).
From these studies, velocity and type of muscle contraction affects mfMRI signal changes, suggesting that task-dependent difference of metabolic demand and/or neural activation are associated with the signal changes.
3. Evaluation of the effect of resistance training by mfMRI
It is well known that resistance training induces an increase in the strength and size of skeletal muscle (Moritani 1992) . mfMRI is also able to evaluate functional (e.g. muscle activation level and pattern) properties of muscle as a result of resistance training; however, only a few attempts have been made to do so (Akima, et al., 1999 , Akima, et al., 2003 , Conley, et al., 1997 , Ploutz, et al., 1994 . mfMRI provides muscle contractile properties during exercise (i.e. determination of activate muscle region within working muscle) as well as muscle size (such as cross-sectional area and volume) that has been conventionally used in previous studies. Ploutz, et al., (1994) showed the effect of resistance training on muscle recruitment in human quadriceps muscle. They determined "active muscle area" that was considered to represent muscle that had performed contractile activity during submaximal repetitive knee extension exercise before and after resistance training. The active muscle area was actually determined by pixels with a T2 greater than the mean + 1SD of working muscles from the preexercise image in matched pre-and postexercise images, first described by Adams, et al., (1993) . The advantage of this approach is that muscle region that considered "activated" and "nonactivated" can be determined; therefore, the information for the "activated" region of muscle is a useful index for the understanding of neuromuscular facilitation as a result of resistance training. Using mfMRI, Ploutz, et al., calculated the activated muscle area in the quadriceps femoris during 50%, 75%, and 100% of 5 sets of 10 repetitions maximum (5 x 10 RM load), the load that could be lifted 5 x 10 RM with 2 min between sets, before and after 9 wk of unilateral knee extension resistance training. As a result of the training, they observed strength increase (14%) and muscle hypertrophy (7%) in the trained leg. Activated muscle area in the trained quadriceps femoris was significantly decreased in 50%, 75%, and 100% of pretraining 5 x 10 RM load when knee extension exercise was performed, suggesting a neural adaptation underlying the use of less muscle to lift a given load after the training. Akima, et al. (1999) reported the effect of 2 weeks of resistance training (actual training time was approximately 3.5 min) on muscle recruitment, and showed that peak torque of the quadriceps femoris muscle increased without hypertrophy, as suggested by the previous study (Moritani 1992) . After resistance training, peak torque significantly increase at several angular velocities during isokinetic knee extension and the activated muscle area also increased after 10 sets of 10 repetitions of maximal isokinetic knee extension exercise in the trained quadriceps femoris muscle. http://www.soc.nii.ac.jp/jspe3/index.htm
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This result implies that greater muscle (fibers) are involved under maximal effort of repetitive isokinetic exercise, and these neuromuscular adaptations would contribute to strength gain.
Adaptation of the neuromuscular system after resistance training is one of the important topics in exercise physiology. The new index of "activated" muscle area calculated from mfMRI is an appropriate technique for the visualization of neuromuscular adaptation as a result of resistance training. Furthermore, this approach produce an easier understanding of neuromuscular adaptation compared with that of conventional techniques.
Regional recruitment differences using mfMRI
It has been demonstrated, from anatomical and functional studies, that single muscle (e.g. lateral gastrocnemius and rectus femoris etc.) can be divided further into some functional components, which activate in a task dependent manner (Carrasco, et al., 1999 , Chanaud, et al., 1991 , English 1984 , English & Weeks 1984 , English, et al., 1993 , Herrmann & Flanders 1998 , Segal 1992 , Wolf & Kim 1997 . mfMRI is able to provide differences in activation patterns among such functional components (e.g. neuromuscular compartment) within single muscle in exercise. Akima, et al. (2000a) reported the regional-specific recruitment difference using ultra-fast scan MRI (echo-planar imaging), and found recruitment difference at the superficial and deep region of the human tibialis anterior muscle during dynamic dorsiflexion exercise (Figure 4) . This difference in activation between superficial and deep regions could not be accounted for by muscle fiber type or mechanical differences (e.g. moment arm and direction of active muscle pull); therefore, they concluded that the difference of activation in the tibialis anterior may be modulated by the central nervous system as suggested in previous studies (English, et al., 1993 , Wolf & Kim 1997 . Region-specific activation patterns were also found in two previous studies. Both studies showed that there was a significant difference in mfMRI signal change between the proximal and distal region in the rectus femoris muscle , extensor carpi radialis muscle (Livingston, et al., 2001 ) and the medial gastrocnemius muscle , Segal & Song 2005 in humans.
In light of this evidence, activation of subdivisions w i t h i n s i n g l e m u s c l e i s h e t e r o g e n e o u s i n a task-related manner, and this subdivision of muscle compartments may act to control muscle activation originally modulated by the nervous system.
Application for the circulatory system in humans using mfMRI
Blood flow and the metabolism of skeletal muscle are important factors in the understanding of the circulatory system in humans during exercise. According to Ray & Dudley (1998) , uncertainty about how much muscle is used during exercise for determination of blood flow and/or perfusion in all previous studies (Andersen & Saltin 1985 , Rowell, et al., 1986 , this leads to complication and may greatly influence on perfusion of the working muscles during exercise. Ray & Dudley (1998) provided new insight for the understanding of perfusion during knee extension exercise in humans using http://www.soc.nii.ac.jp/jspe3/index.htm 199 mfMRI. They determined activated muscle area when performing dynamic knee extension exercise at 20 W (submaximal task) and 40 W (maximal task) using "T2 threshold technique" as firstly described by Adams, et al. (1993) . The relative activated area in the quadriceps femoris muscle during the exercise at 20 W and 40 W was 54% and 94%, respectively. They then calculated perfusion per unit of "active muscle". As a result, they found that perfusion per unit of "active muscle" did not differ (20 W exercise: 243 ml/min/100 g and 40 W exercise: 250 ml/min/100 g), demonstrating that increases in muscle blood flow area were directed to newly recruited muscle, not to increased perfusion of muscle already engaged.
The mechanisms underlying the oxygen uptake (V O 2 peak) and mfMRI signal changes (i.e. muscle recruitment) of the lower extremity, and found that there was a significant correlation coefficient between the slow-component rise in V
4
O 2 and muscle recruitment by mfMRI signal change (r = 0.63, n = 16). They concluded that muscle recruitment is in part responsible for the slow-component rise in oxygen uptake during high intensity cycling. Recently, Saunders, et al. (2003) examined the effect of endurance training on V 4 O 2 and mfMRI signal change. As a result of 4 weeks of endurance training, they found that reduction of end-exercise V 4 O 2 and muscle recruitment during submaximal cycling, suggesting less muscle was used for executing submaximal cycling exercise due to adaptation of the cardiopulmonary function and muscle metabolism.
Perfusion imaging has been used to examine hyperemia after ischemic condition and during exercise using arterial spin labeling imaging (Frank, et al., 1999 , Raynaud, et al., 2001 ) combined NMR-plethysmography and longitudinal relaxation (T1)-flow measurement (Toussaint, et al., 1996) . Recently, muscle perfusion can be measured using mfMRI during and after exercise (Raynaud, et al., 2001 , Wingmore, et al., 2004 . Wingmore, et al. (2004) reported that hyperemia measurements by mfMRI agreed well with those made by venous occlusion plethysmography and showed that perfusion in the anterior compartment of the leg increased linearly up to ~60% maximal voluntary contraction (MVC). Taken together, the mechanisms underlying perfusion and V
O 2 kinetics can be evaluated by mfMRI combined with circulatory and cardiovascular measurements.
The application of mfMRI to the circulatory s y s t e m i s a r e l a t i v e l y n e w a p p r o a c h . B o t h conventional circulatory parameters and mfMRI technique, provide at least a few advantages, as mentioned above, over other current methods of assessing the circulatory system in exercise.
Positron emission tomography
Positron emission tomography (PET) is based on the use of short-lived positron emission radioisotopes such as oxygen-15 and fluorine-18. Based on the distribution and kinetics of the compounds studies by PET, quantative metabolic parameters can be derived. PET imaging is based on the detection of two photons created in an annihilation reaction between a positron and a tissue electron. Physiological phenomenon can be estimated by mathematical modeling of the tissue and plasma time-activity curves obtained through dynamic imaging and blood sampling. More detail information can be found in a review by Nuutila and Kalliokoski (2000) .
Perfusion imaging by [
O]H 2 O PET
Using [
15 O]H 2 O PET, the following three topics for the understanding of blood flow and metabolism during human movement have been categorized: 1) electromyostimulation (EMS)-induced blood flow change (Scremin, et al., 1998 , Vanderthommen, et al., 2002 , Vanderthommen, et al., 1997 , Vanderthommen, et al., 2000 , 2) blood flow heterogeneity (Ament, et al., 1998 , Kalliokoski, et al., 2001 , Laaksonen, et al., 2003 , Mizuno, et al., 2003 , Vicini, et al., 1997 , and 3) blood flow and oxygen consumption relationship (Kalliokoski, et al., 2005 , Mizuno, et al., 2003 .
EMS-induced blood flow by [
O]H 2 O PET
EMS of skeletal muscle is frequently used in exercise physiology and rehabilitation medicine (Dudley, et al., 1999 , Dudley & Harris 1991 , Enoka 1988 ; however, EMS-induced blood flow response has not been clarified completely in previous http://www.soc.nii.ac.jp/jspe3/index.htm 200 studies because of difficulty to map stimulated region in muscle by conventional approaches. Vanderthommen, et al. (1997) examined blood flow and the muscle metabolic rate of oxygen between stimulated contraction and voluntary contraction of the quadriceps femoris. Both EMS-induced contraction (pulse frequency = 50 Hz; pulse width = 0.25 ms) and voluntary contraction consisted of 5.5 s-contraction and 5.5 s-rest cycle for a 12 min targeted load equaled 20% of MVC. [
15 O]H 2 O PET data were acquired during the 4 min between the 8th and 12th min of contraction. As a result, both blood flow and the muscle metabolic rate of oxygen were significantly higher during stimulated contraction than those during voluntary contraction (Vanderthommen, et al., 1997) . This finding has also been confirmed by the other techniques (mfMRI, 31-phosphorous MR spectroscopy, and glycogen depletion) by several authors (Adams, et al., 1992 , Kim, et al., 1995 , Ratkevicius, et al., 1998 , Vanderthommen, et al., 2003 , Vanderthommen, et al., 1999 . This result suggested that EMS caused an exaggerated muscle metabolic demand, resulting in a high level of blood flow and oxygen consumption. Furthermore, EMS-induced muscle contraction needs greater energy demand than voluntary contraction.
Blood flow heterogeneity using [
O]H 2 O PET [
15 O]H 2 O PET provides regional distribution of blood flow during exercise, which was detected by radioactivity uptake in working muscles during or after exercise. Ament, et al. (1998) measured muscle perfusion of the right calf during repetitive isometric plantar flexion (1-s contraction with 1-s rest) at five work loads (from 16 Nm to maximum level) using (Figure 5) . The left calf, as a control limb, always exerted 16 Nm, and they calculate the ratio of radioactivity of the right and left calves (right/left). In all subjects (n = 5), the right/left ratio of radioactivity in the active muscles increased as a function of load; however, inter-and intramuscle perfusion heterogeneity was found in five subjects. Kalliokoski, et al. (2001) reported that blood flow heterogeneity was more heterogeneous in untrained subjects compared with endurance-trained subjects in the quadriceps femoris at the same workload. Kalliokoski, et al. (2000) also showed intramuscular blood flow heterogeneity in the quadriceps femoris during knee extension exercise using PET. Blood flow in the VL and RF showed significantly more heterogeneity than that in the VM and VI both at rest and during exercise. Regional blood flow heterogeneity along the length of the thigh was reported by Mizuno, et al. (2003) . They showed that blood flow and oxygen uptake at rest was higher in the proximal than in the distal region in the thigh; however, the heterogeneity diminished after one-legged cycling exercise (Figure 6 ). From these observations, muscle blood flow and oxygen uptake seem to be heterogeneous among synergistic muscles and in different regions along the length of limbs, this may be due to meet energy demand. This information is of great help for the understanding of circulation during exercise in human.
Blood flow and oxygen consumption relationship by [
O]H 2 O PET
It is well known that blood flow and oxygen supply to skeletal muscle linearly increases with increase of exercise intensity (Andersen & Saltin 1985 , Richardson, et al., 1995 . PET can provide three-dimensional blood flow and oxygen consumption images with high spatial resolution. Mizuno, et al. (2003) showed that there is a close relationship between muscle blood flow and oxygen uptake in working muscle (quadriceps muscle) during exhaustive one-leg cycling exercise in healthy individuals (r = 0.96). Similarly, Kalliokoski, et al. (2005) demonstrated that there was a good correlation between muscle blood flow and oxygen uptake in different quadriceps muscles in endurance-trained and untrained individuals (trained: r = 0.98, untrained: r = 0.91) during intermittent isometric knee-extension exercise. These findings imply that blood flow is a function of oxygen uptake irrespective of the level of physical training.
Glucose metabolic imaging by [
F]FDG PET
Glucose uptake is also critical issue for human skeletal muscle during exercises. PET with 18 F-labeled 2-fluoro-2-deoxy-D-glucose (FDG) has proven valuable for assessing glucose utilization in brain, cardiac and skeletal muscle. Exercising muscle tissue takes up circulating FDG, a deoxy analog of glucose, which then becomes entrapped in the intracellular space after phosphorylation. Unlike glucose, FDG does not continue along the usual glycolytic pathway; rather, it accumulates within exercising muscle tissue. This metabolic trapping process forms the basis of [
18 F]FDG PET. Previous studies of glucose metabolic imaging of skeletal muscle by [ 18 F]FDG PET are categorized into three topics: 1) glucose metabolic imaging during exercise (Fujimoto, et al., 1996 , Fujimoto, et al., 2000 , Iemitsu, et al., 2000 , Kemppainen, et al., 2002 , Oi, et al., 2003 , Shinozaki, et al., 2003 , Tashiro, et al., 1999 , 2) comparison between trained and untrained individuals , Takala, et al., 1999 , and 3) intramuscular metabolic heterogeneity in exercising muscle (Pappas, et al., 2001 
To map glucose metabolism and muscle activity, walking (Oi, et al., 2003) , running (Fujimoto, et al., 1996 , Fujimoto, et al., 2000 , Iemitsu, et al., 2000 , Oi, et al., 2003 , Tashiro, et al., 1999 , cycling (Kemppainen, et al., 2002) , and shoulder muscle exercise (Shinozaki, et al., 2003) was used in previous studies. Much interesting evidence was gained from these studies. For example, during level walking, the gluteus minimus muscle activated higher than the other gluteal muscles (i.e. gluteus maximus and medius muscles) (Oi, et al., 2003) . In running studies using [
18 F]FDG PET, higher activation was found in the medial and lateral gastrocnemius, soleus, vastii muscles (Fujimoto, et al., 2000) . This result is comparable to data from mfMRI during horizontal high-intensity running (Sloniger, et al., 1997) . It was reported that there was inter-individual metabolic variation (Ament, et al., 1998) , therefore, we should take into account these effects when considering this study (Ament, et al., 1998) .
Glucose metabolic imaging in trained and untrained individuals by [
F]FDG PET
T h e r e a r e v e r y l i m i t e d d a t a a v a i l a b l e f o r comparison glucose metabolism in trained and untrained subjects by [ 18 F]FDG PET. Takala, et al. (1999) examined insulin stimulated glucose uptake in skeletal muscle increase in endurance athletes, weight lifters, and sedentary males. They found glucose uptake was enhanced in the endurance athletes, but no difference was found between weight lifters and sedentary males. Fujimoto, et al. (2003) showed that the glucose uptake rate of the quadriceps femoris muscle in trained subjects during cycling at 75% V 4 O 2 max was significantly higher than that of untrained subjects; however, there was no significant difference between the two groups at low and middle intensity of cycling. Furthermore, no significant differences in glucose uptake were found at the posterior part of the thigh among any groups during cycling. These results suggest that physical training as well as training type influenced the glucose metabolism of skeletal muscles.
Intramuscular metabolic heterogeneity in exercising muscle by [
F]FDG PET
O n l y o n e s t u d y d e a l i n g w i t h m e t a b o l i c heterogeneity during muscle contraction using by [ 18 F]FDG PET has been made (Pappas, et al., 2001 ). Pappas, et al. (2001) demonstrated that glucose uptake was nonuniform along both the longitudinal and transverse axes of the exercising biceps brachii muscle. They considered several mechanisms as possible explanations for the heterogeneity, in which nonuniform contraction mechanics, i.e. muscle fiber length or contraction speed that varies throughout the muscle, was the possible explanation rather than muscle fiber type related metabolic difference. This result is comparable to previous studies reporting nonuniform shortening along the length of the longitudinal axis in frog single fiber (Edman, et al., 1985) and human biceps brachii during elbow flexion using MRI (Pappas, et al., 2002) .
Oxygenation and blood volume in exercising skeletal muscle by near infrared spectroscopic imaging
Recent developments in optical instruments using near infrared spectroscopy (NIRS) have made it possible to noinvasively detect oxygen s a t u r a t i o n ( N I R S -O 2 s a t u r a t i o n ; d i ff e r e n c e b e t w e e n d e o x y g e n a t e d a n d o x y g e n a t e d hemoglobin/myoglobin signals) and blood volume (NIRS-blood volume; sum of deoxygenated and oxygenated hemoglobin/myoglobin signals). Furthermore, NIRS imaging has been developing, making it possible to map oxygen saturation and blood volume during exercise using a multi-channel NIRS device. The advantage of this technique is that it is noninvasive, relatively inexpensive, easy to use, and portable. Very limited reports regarding NIRS imaging in exercising skeletal muscle have been published (Miura, et al., 2003 , Miura, et al., 2001 , Miura, et al., 2004 , Quaresima, et al., 2001 ). Quaresima, et al. (2001) reported that no significant difference in muscle oxygenation and blood volume change in the 12 measurement sites over a surface of 8 x 8 cm 2 of the thigh (rectus femoris and vastus lateralis was measured) during intermittent and continuous maximum voluntary contraction. On the contrary, Miura, et al. (2001) http://www.soc.nii.ac.jp/jspe3/index.htm 203 regional difference in oxygenation and blood volume, with the distal region being higher than that of the proximal in the medial gastrocnemius muscle during dynamic calf-raising exercise (Figure 7) . They demonstrated, in another study, that the regional difference of oxygenation and blood volume was highly related to architecture (fascicle length and angle) in exercising medial gastrocnemius muscle (Miura, et al., 2004) .
Muscle-specific regional difference of oxygenation and blood flow during exercise is likely; however, further studies would be needed for conclude this topic.
Conclusion
This review focuses on functional and metabolic imaging of skeletal muscle during human movements in previous studies dealing with mfMRI, PET, or NIRS imaging. We recognized that imaging technique visually supply plasticity (e.g. adaptations of muscle to physical training and disuse and regional difference activation within a single muscle or muscle group) of activation and metabolism of muscle in exercise. This evidence seems to be hard to acquire through conventional physiological, biomechanical a n d b i o c h e m i c a l t e c h n i q u e s . F u r t h e r m o r e , quantitative and/or semiquantitative data analysis can be made using these techniques. An increasing of knowledge of the functional and metabolic properties by imaging techniques would provide a better understanding of human skeletal muscles in exercise.
